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ABSTRACT 


Optically pumped gas cell frequency standards have been developed 
with long-term and short-term stabilities of one part in 10*9, The 
hyperfine transition frequency upon which the frequency standard is 
based is affected by certain factors which tend to shift the frequency. 
The effects of buffer gas pressure and temperature upon the hyperfine 
frequency of K37 were measured and recorded, The use of wall-coated 
absorption cells is discussed. The effect of the ambient magnetic field 
strength upon the hyperfine frequency was noted and the zero field hyper-~ 
fine frequency for K2? was determined to be Nol, 719, 005 + “35eepem 

The study was conducted at Varian Associates, Palo Alto, California, 
during the period January to March, 1960. 

The author wishes to express his gratitude to William E, Bell and 
Dr. Arnold L, Bloom of Varian Associates for their advice and assistance 
in this investigation. The guidance and encouragement given by 
Professor Carl E, Menneken of the United States Naval Postgraduate School 


are acknowledged with particular thanks, 
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l-l. Frequency Stability Problem. 

The development of many electronics systems of vital interest 
to the armed forces have been hampered by the non-availability of ex- 
tremely stable frequency sources. MTI radar, navigation aids, and 
single sideband radio communications have a common requirement for pr 
cise frequency generation. A radio communication network utilizing 
oscillators so stable that negligible frequency drift would occur ovei 
extended periods of radio silence has immediate applications. The pro-= 
gress of electronic developments will have the effect of making the re- 
quirements for frequency stability more pressing and more stringent. 

Among the developments in the expanding field of quantum electe~ 
ronics is the optically pumped gas cell frequency standard, This gas 
cell "clock" affords promise of the ultimate in frequency stability 
and deserves careful consideration, 

The atomic transition which is the basis of the gas cell fre- 
quency standard is affected by factors which tend to "pull" the fre- 
quency. Certain factors also tend to broaden the line width of the 
Signal or lower the Q of the system. This thesis is a systematic 
study of the above factors as applied to a system utilizing the most 
common isotope of potassium, K?? Although similar studies of this 
type have been conducted using Cst33 LY [7 | po? LY | and Nace LE) _ 
this study of K>? is original, The theories involved are applicable 


to all alkali metal vapors, 





1-2, vescription of an Optically Pumped Gas Gell Frequency »tandard. 


A gas cell frequency standard utilizes the magnetic dipole transit- 
ions in the hyperfine levels of the ground state of the alkali metal aton 
as a frequency reference. 

In the optically pumped system, the alkali metal atoms are 
"pumped" to an excited state by the energy contained in an incident 
light beam. When the excited state of the vapor is saturated, the 
light will pass through the cell with little attenuation. However, when 
the alkali metal atoms have been re-distributed throughout the lowest 
energy states, the intensity of the pumping beam is attenuated because 
of the energy withdrawn from the beam by the pumping process, 

The re-distribution of alkali metal atom energies is obtained 
by radiating the vapor cell with radio frequency energy with a swept 
frequency whose range includes the transition frequency. At the in- 
stant of the dip in intensity of the light beam through the cell, which 
is detectable by use of a photocell, the frequency of the radio fre= 
quency signal generator corresponds to the atomic transition frequency. 

After amplification, the signal from the photocell is processed 
by a servo system which extracts the phase information necessary to 
generate a correction signal to lock the radio frequency signal generet- 
or to the atomic transition frequency. 

In its basic form, the optically pumped frequency standard 
consists of four units: 

(1) a relatively stable radio e@oeaes source. 


(2) an alkali metal vapor absorption cell in a 
microwave cavity with associated optics. 


(3) a pumping light source. 


(4) a photocell amplifier and feedback servo-loop system. 
ae 





The radio frequency source provides radio frequency energy 
at the atomic transition frequency with sufficient power to cause 
perturbation of the pumped energy states, This power requirement 
is in the order of one milliwatt. The oscillator must have suffici- 
ent short-term frequency stability to allow the servo system to 
track and lock on the transition frequency. 

The absorption cell contains the alkali metal vapor plus an 
inert buffer ¢as to decrease the mean free vaths of the alkali atoms 
or a paraffin wall coating. The alkali metal vapor when excited by 
the pumping light and then perturbed by the radio frequency energy 
provides the desired atomic transition, Alkali metal atoms are 
utilized because their single valence electron allows relatively 
easy excitation, The buffer gas or paraffin wall coating decreases 
the line width of the atomic transition by decreasing the disorienta- 
tion effects acting on the excited states of the alkali metal atom, 

Necessary conditions for the desired atomic transition are 
that the pumping light beam and the radio frequency magnetic field 
lines in the cavity be aligned parallel to the existing static mag- 
netic field. Therefore, the cavity mst be situated physically so 
that the magnetic field lines in the region of the absorption cell 
lie in the direction of the field lines of the static or earth's 
magnetic field, Also, the light beam from the lamo must pass 
through the cavity and cell along the same line. The cavity should 
resonate at the frequency of the desired atomic transition with a 


reasonably high Q. / 





The light source requires a lamp utilizing the sare alkeli 
metal vapor es contained in the absorption cell to provide light of 
the wavelength necessary for excitation of the atoms within the ab- 
sorption cell. Because the lamp is the most serious source or 
noise in the system, its output should be carefully controllea. 

Optics are used to increase the eeagilicncy cy va. 

Suen Optics tray consist of lenses to collimaqte Uther purple tircyw 
tae absorption cell or lenses to focus the light from tne eam onto the 
photocell. The optical system may also include interference filters : 
circular polarizers to provide light of the proper waveskéngth cnu nolan 
zation to enhance the pumping process, 


1-3. Quantum Theory 


The physical theory relating to the atomic transition ° the 
optically pumped gas cell frequency standard is based upon the hyper- 
fine splitting of the energy levels; 1.¢€., the orientation of Ulm spin 


of the valence electron of the alkali rnetal atom relative to the spin 
of the nucleus. The total energy of the atom is dependent upon this 
orientation. The two hyperfine levels of the ground state of the 
alkali metels correspond to the cases where the electron magnetic 
moment is aided by the smaller magnetic moment of the nucleus (F = 2) 
and that where the magnetic moments are opposing (F = 1), 

The Zeeman effect Sone erane the further splitting of the hyper- 
fine levels under the influerce of a weak extemal magnetic field. The 
quantum number which represents the 4eeman sublevel, Mo, can take on any 
mchet oy) valuess §, (= 1) phe eer 1, 0, 1, .n. gee = 2). 
-(F - 1), -F. Therefore, the F = 1 hyperfine level is split into three 


Zeeman sublevels: Rie = 1, 0; -l. opine! = ctlevel is split inte five 


he 





sublevels: om, = 2, 1, 0, -1, -2. The energy level diagram under 
the influence of a weak magnetic field is shown in Fig. l-l. 

It should be noted that the mp = O energy levels lie parallel 
to each othr, Therefore, the energy tr:nsition bétween thes? tar: 
stetes will be reletively irdeotident oo 1% strength of the external 


Poei@, The fiel@® indévendence of this AE = 1, mie= 0 to mp = On 


trensition makes it ideally suitea@ for a (maucncy m?@rene., 


in Ghe tronsition, tlgerele tispshio Metgeer “mieiency anu 


energy iS exoresseu as: 
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h = Planck's constant 
{ = ragiation frequency 
In the cese of ho the hyperfine frequency corresponding 


to the field indepenuent transition is nominally 61.72 megacycles. 
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l-. Optical Pumping Process. 

In a system without some means of enhancement of the populat~ 
jon difference of energy levels, the signal-to-noise retic of the de- 
tection is poor becéeuse the amplituce of the signal jis proportional 
to the unbalance of popul tion of the enerry levels between which the 
trensition occurs, 

At microwave frequencies, the unbalance in the population of 


the energy levels, ‘ - No» is given aporoximately by: 





N, = N. 


N ekT 
where N = total number of atoms 
h = Planck's constant 
k = 30ltzgmann's constant 
T = absolute temperature 
f = transition frequency 
At normal temperetures, this ratio is very small ance the ob- 
servable effect is extrerely renee 
Optical pumping is used to increase the population difference 
between energy levels. The energy of the pumping lignt excites the 
atoms to cause an abnormal concentration in certain energy levels. 
The light absorption probabilities of the various Zeeman sub- 
States of the alkali metal atom are unequal. Also, the patterns of the 
absorption probabilities differ with different polarizations of the 
pumping light. The polarization of the pumping light restricts the 
Zeeman component of the light whicn will excite the atoms. 
For magnetometer application, circulerly polarized light is 
used for the pumping process. When using right circulerly polarized 
D, radiation, the absorption probability of the substate, F = 2, 
Mm = + 2, is zero. The other subst-tes have finite absorption pro- 
babilities and therefore, may be excited to different states. From 
the excited states, the atoms relax back into the lower states with 
the transition probability of spontaneous emission. The relaxation 
process to the lower states is a random process, but the pumping pro- 


cess is controlled by the polarization of the lignt. The net result 


Oy 





is a concentration in the F = 2, mp = + 2, state. The achievement 
of this population unbalance places the system in an emission soe 

For frequency standard application, an unbalance between the 
mp = O substates is required in order to obtain the field independent 
transition. To achieve a population difference between the two mp = 0 
substates, a difference in light intensity exciting atoms out of these 
two levels is required, because the absorption probabilities are equal. 
The difference in intensity in the pumping light components is assumed 
to be achieved in the following process. 

Light incident at the front of the absorption cell is absorbed 
and scattered separately by the alkali metal atoms in the two F levels, 
The rate of attenuation of the light components is proportional to the 
number of Zeeman sublevels in each F level; i.e., three and five for 
the lower and upper F levels respectively. This provides the necessary 
intensity difference at the rear of the absorption cell and produces a 
greater population in the upper states in this See s/ 

Therefore, to achieve an overpopulation of the F = 2, mp = 0; 
substate, unpolarized light is used where the field independent transit= 
ion is desired, 

1-5. Transition Frequency Stability. 

any an“optically pumped gas cell frequency standard, the 
atomic transition of concern is the AF = 1, m. = QO to mp = O, transit-~ 
ion. The outstanding stability of this transition when subjected to 
the ef°ects of electric and magnetic fields, pressure, temperature, etc.,, 
is the prime asset of the gas cell frequency standatd. Standards with 
long-term and short-term stabilities of two parts in ios have been 
Beenie! 7 An equivalent Q of over 3 x 10° have been obtained using 
optically pumped: gas cell svete 

fo 





The AF =1, mp = 0 to Mm = O, transition is termed the 
"field independent" transition because of its relative insensitivity 
to the effects of magnetic fields. The frequency dependence upon the 
magnetic field is given by the Breit-Rabi formula which is treated in 


Appendix I, In the case of K??, this dependence is expressed as: 


f = fy + 8477 He cps 


where f, = hyperfine frequency at zero field 


H = magnetic field in gauss 


This relationship is utilized to correct the experimental data 
for the strength of the ambient magnetic field in order to obtain the 
zero field hyperfine frequency. 

The effect of diurnal variations in the strength of the earth's 


magnetic field upon the frequency stability of a Ko? 


optically pumped 
gas cell frequency standard would be negligible because a field change 
of 1085 gamma is required to produce a frequency variation of one 
cycle, The diurnal variation is ordinarily in the range of 10 to oO 
gamma. Magnetic storm variations rarely exceed 500 gamma. 

The hyperfine frequency can be shifted slightly by interaction 
of the alkali metal atoms with those of any inert buffer gas in the ab- 
sorption cell. This frequency shift due to the pressure of the buffer 
gas is the subject of Sections 2 and 3, 

Because the above frequency shift is proportional to buffer gas 
pressure, the transition frequency can be affected indirectly by variate 
ions in the absorption cell temperature, This effect is discussed 
further in Section 5-2. 


The transition is not seriously affected by electric fields or 


the Stark effect. 
8, 





1-5, Transition Line Width 

A limitation to the utility of the optically pumped gas cell 
frequency standard is the line width of the atomic transition which 
determines the effective Q of the system. Because the width of the 
transition line, when not restricted, can be expected to be of the 
order of several hundred kilocycles, this limitation can be quite 
serious when considering the design of a precise frequency standard, 

Line broadening is caused by conditions which affect the 
environment surrounding the radiating atom or by interactions which 
disrupt the radiating process, The most serious factors which cone 
tribute to line broadening are: 


(1) collisions of the alkali metal atoms with walls of the 
absorption cell, 


(2) collisions of one alkali metal atom with another alkali 
metal atom, 


Other line broadening factors of less concern listed in the 
order of the magnitude of their effect are: 

(3) collisions of alkali atoms with buffer gas atons. 

(4) frequency modulation broadening. 

(S) radio frequency power saturation effects. 

(6) light intensity effects. 

(7) Doppler effects. 

(8) natural lire breadth. 

Collisions of alkali metal atoms with walls of the absorption 
cell constitute the most serious cause of line broadening. The radiat- 


ion process of the alkali mtal atom is terminated in the collision, 





In a collision of two alkali metal atoms, the effects are 
evidenced which cause line broadening. The first case, which is 
negligible compared to the second, is a dipole-dipole interaction 
between the unpaired electron of each atom, The second effect is 
that of electron exchange. If two alkali metal atoms with oppositely 
directed electron spins collide, there is a probability of 4 that, the 
electrons interchange spin orientations, The result is equivalent to 
a spin inversion for each of the electrons and leads to relaxation cf 
the excited energy states. The effect of electron exchange is to replace 
the atom's valence electron by one which is unpolarized and uncorrellated 
with the spin of the nucleus. Hence, after the exchange, the atoms are 
in a completely random spin state. 

Of the less serious effects, that of alkali metal atam=-buffer 
gas atom collisions is negligible for low pressures of the buffer gases, 
For the heavier buffer gases, the disorientation effect is noticeable 
for pressures greater than approximately 30 mm of Hg. 

The effect of frequency modulation of the radio frequency sige 
nal generator is to cause line broadening. However, this factor can be 
minimized by reducing the magnitude of the sweep or by designing the 
system to eliminate the swept frequency signal. The magnitude cf the 
line broadening is directly proportional to the magnitude of the sweep 
voltage. 

Power saturation broadening results from 2a radio frequency mag= 
metic resonance effect. Ihe effect can be lessened by reducing the sig— 
nal generator power output to a sufficiently low valve, However, this 


also has the effect of reducing the magnitude of the detected signal. 
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Therefore, 4 satisfactory compromise must be reached between the two 
opposite effects, This observaton holcs true in the case of light 
intensity broadening also, because the magnitudes cf the line broad- 
ening and the detected signal are both proportional to light intensity. 
Doppler effects are evidenced in the rapid diffusicn of the 
atoms to regions within the cell of different radio frequency phase 
or direction. When the dimensions of the absorption cell are small 
compared to the wavelength of the radio frequency signal, there is 
negligible Doppler effect. The Doppler effect in this case is re- 
placed by collision effects, 
The natural line breadth is negligible compared to the other 
effects, being of the order of a fraction of a cycle per seccnd, £8] 
Without the presence of some mechanism to limit the relaxation 
effects of the collisions of alkali metal atoms with the ceil walls 
and with other dkali metal atoms, the population inequalities 
achieved by pumping are reduced to the point where no signal can be 
detected, These collision effects have been successfully controlled by: 


(1) inserting an inert buffer gas into the absorption cell to 
reduce the mean free path of the alkali metal atom, or 


(2) coating the walls of the absorption cell with a paraffin 
which will not interact with the excited alkali metal atom, 


Discussions of the buffer gas and the wall-coating techniques 


are included in Sections 2 and respectively, 


Le 





2, Buffer Gas 
é-l, Theory of the Utilization of Buffer Gas 

One effective means of reducing the line wiath of the atumic 
transition is to place a non-magnetic buffer gas in the cell aleng 
with the alkali metal. The mean free paths of the radiating ators 
can be kept small by adjusting the buffer gas pressure. The proe 
portion of collisions of the alkali metal atoms with the buffer gas 
atoms is increased as the relative number of alkali~-alkaii and 
alkali-wall collisions are reduced, 

Collisions between an alkali atom and a buffer gas atom de 
not terminate the radiation process, The internal state of the 
radiating alkali atom is influenced only very weakly by this type 
of collision. /9/ 

The collisions of the alkali atoms with the buffer gas atoms 
will produce an increase in line width noticeable at high pressures 
of buffer eases,/10/ The effects of these collisions. althcugh weak 
individually, become the dominant cause of increased line width when 
the frequency of occurrence is increased by several orcers of magnitude 
due to higher pressures. 

There fore, the addition of the buffer gas contributed to twa 
opposing effects. It decreases the relaxation effects of the alkali- 
alkali and alkali-wall collisions but adds to the effect due to 
alkali-buffer collisions. An optimum buffer gas pressure exists at 


which the relaxation rate of the excited alkali atom is a minimun., 


le 





e-c, LfPects of Tie tee! Bure Gas. 

The addition of an inert buffer gas has three major effects 
upon the atomic transition: 

(1) the line width is reduced. 

(2) the signal-to-noise ratio is improved, and 

(3) the center frequency of the transition is shifted slightly. 

The first two effects are derived from the decrease in the 
collision effects which result in disorientation or relaxation processes. 

In frequency standard application, the effect of most concern is 
the frequency shift in the field independent transition that i185 proe 
portional to the pressure of the buffer gas. 

2-3, Theory of Pressure Shift. 

The hyperfine frequency of an alkali metal is the result of the 
interaction of the spin of the nucleus with that of the valence electrons 
During the collision between the alkali metal atom and the buffer gas 
atom, the valence electron wave is perturbed, modifying the energy of 
the system. 

Pressure shift is defined as the shift in transition frequency 
that is proportional to the pressure of the buffer gas, Since the term, 
pressure shift, has achieved general usage in the field of opticaliy 
pumped devices, it is used in the defined sense throughout this thesis. 

The pressure shifts that have been measured in th alkali metals 
reveal a general trend of shifts toward the higher frequencies in the 
case of the lighter buffer gases and toward lower frequencies for the 
heavier Bees fe] [3f Because these results include frequency shifts 
in both directions, the presence of exchange energies as well as disper- 


sive forces are indicated, The exchange forces cause a higher frequency 


13. 





shift. If active alone, the dispersion forces produce a frequency 
shift in the lower direction with all of the buffer gases. 

The lower shifts can be attributed to the Van der wWaais or lLong- 
range forces, which cause a downward displacenent of the hyperfine en- 
ergy states of the alkali metal atom as the buffer gas atom appreaches, 

The rare gas atom, commonly used as a buffer gas, consists entirely 

of closed electron shells and is reletively small. Conversely, the 
alkali valence electron is loosely bound. During the collision, the 
nucleus of the buffer gas atom will penetrate well inside the valence 
electron cloud, pulling it in with a corresponding increase of energy. 
Pat] The hyperfine frequency is increased in proportion to the energy 
increase in accordance with the relationship: 


AE=ht 


There fore, the lighter buffer gases produce a greater positive fre-« 
quency shift because the atoms are smaller and apparently succeed in 


a deeper and more effective penetration. 


t 


A linear relationship between the magnitude of the frequency snift 
and the buffer gas pressure exists. The result of increased buffer gas 
pressure is to increase the number of alkaliebuffer atom collisions with 
a corresponding effect on the valence electron energies, Because of the 
linear relationship, pressure shift can be expressed distinctly as the 
slope of the plot of frequency versus buffer gas pressures, (See Fig. 
3-9 and Table 3-1), 

2m, Predicted Pressure Shifts. 


The pressure shifts of various buffer gases have been measured 
for gas cells of cesium, rubidium and sodium, The results of these 
measurements in terms of the frequency shift per unit of buffer gas 


pressure are listed in Table 2-l. 


Tee oL, Bender, Comments on Dr. Fontana's Paper, published in the record 


of the Ann Arbor Conf. on Optical Pumping, June 15-18, 1959 ,pp.167-102 
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Table 2-1, Pressure Shifts 


Hyperfine frequency (f) 
(in mes.) 









Pressure shift of buffer 
gas (Af) (in cps/mm of Hg) 


Ar 
Xe 


| Reference 


a) | (2) 


A reasonable correlation exists between the measured pressure 
shifts and the hyperfine frequencies of the alkali metals. The ratao of 
the pressure shift to the hyperfine frequency, A f/f, demonstrates thi Ss 


relationship as is shown in Table 2-2, 
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Table 2-2 Ratio uf Pressure omft to Hyperfine Freemuse 


, 
pn eet sgn ne i ml a 


Cae 





Element Ggh3? Phe 

Buffer Gas 
He LM 105 
Hp 97 
No 97 76 
ae 63 57 
Ar aol =f 
Kr sih2 285 
Xe 





In the ratio of pressure shift to the hyperfine frequency in 
Table 2-2, it is observed that this ratio decreases sligntly with ce-+ 
creasing Z of the alkali metal. For a particular buffer gas, this 
2 Fa) Mas 87 t 3 ‘ 
ratio decreases from Us to Rb-' to Na*?, In extrapolating tits 


A , ; 
ae ek Nat? is obtained, 


ratio for K3? , a value between those for Rb 
Finally, the estimated pressure shift in cycles per secdi2 = 
millimeter of Hg, is obtained by mltiplying the ratio, £)2, Uy ee 


hyperfine frequency of K3? , which is rcughly 62 mwegacycles, The 


results of these computations are shown in Table 2-3, 


ee 
melo 





Table 23, Predicted Pressure Shifts for Ke? (f = 462 mc.) 


lio cps/mm of Hg 


4165 
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3. Pressure Shift Measurement. 
3-1. Proposed measurement Procedure. 

The frequency shifts due to the usually employed pressures 
( << 50 mm of Hg) of the non-magnetic buffer gases are very sml1l in 
comparison with the hyperfine frequency. The maximum frequency shift 
is in the order of three kilocycles compared with the hyperfine fre~ 
quency of 62 megacycles. The measurement procedure must be able to 
measure this L-band region transition frequency to within a few cycles 
of the correct value if the slope of the pressure shift curve is to be 
determined accurately. 

A variety of measurement techniques are permitted by mountirg two 
absorption cells side by side in the cavity so as to utilize the same 
light source and experience the same environment. Fig. 3=l1 demonstrates 
this general arrangement. Three of the proposed techniques utilizing 
this arrangement are discussed below. 

(I) Measurement technique utilizing two detection systems. 

The simplest approach to the measurement of the frequency 
shift would be to establish the transition frequency of ore selected gas 
cell as a frequency reference. The transition frequency of the selected 
cell would preferably be one corresponding closely to the zero pressure 
frequency. Therefore, the reference cell would contain a low pressure 
of a buffer gas which produces very little frequency shift, such as argon. 
The transition frequencies of the other cells using various buffer gases 
and pressures could be measured relative to the established reference 
frequency utilizing the frequency difference. The frequency differences 
should all lie in the audio frequency range, making them read‘iy and 


accurately measureable. 
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The pressure shifts, i.¢., the slopes of the plots of frequency 
versus buffer gas pressure, may be determined by this method. I1f the 
absolute frequencies of the data are desired, the transition frequency 
of the reference cell must be established using a frequency standard 
external to the gas cell system. 

The proposed system would provide for simultaneous triggering of 
the transitions in the two different cells by amplitude modulating the 
radio frequency carrier with a single audio frequency. Fig. 3-2(a) shows 
how the carrier would be used to irradiate om cell while one of the 
sidebands would irradiate the other. 

The light beams after leaving the two absorption cells would be 
detected and amplified in separate detection channels as shown in Fig. 
3-2(b). The measurement would be accomplished by obtaining a signal in 
one channel uSing the carrier. After adjustment of the modulation free 
quency to obtain a signal in the other channel, the modulation frequency 
would be measured to obtain the frequency separation. 

(II) Measurement technique utilizing sideband calibration. 

The following approach utilizes the carrier and sidéband 
technique also but eliminates the requirements for a second detection 
channel, This system would utilize a motor-drive helipot to tune the 


free 


radio frequency signal source through the range of transition 
quencies at a constant rate while recording the detected signals on a 
strip recorder. Fig. 323(a) is a block diagram of the system. When 
utilizing the carrier alone, the recording would be that of two signais 
separated by a distance equivalent to the frequency difference, as 


shown in Fig. 3-3(b). The strip recording would then be calibrated 


for distance on the strip versus frequency by amplitude modulating 
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the carrier and utilizing only one of the absorption cells, As shown 
in Fig. 3-3(c), the recording obtained by tuning the Signa. generator 
output through the frequency range in this case will be three signais 
representing the transition as it is triggered by the carrier and tan 
sidebands as they are tuned through the transition frequency. The 
distance separating the carrier and sideband would be equivalent to 
the modulation frequency. A calibration would be obtained by equa*- 
ing the separation between the two signals in Fig. 3-3(%) to the 
separation between carrier amd sidebands for a given audio frequency. 

(III) Measurement technique utilizing individual measurements. 

By inserting a shutter which would enable tre seiection 

of the individual cell desired of the two cells, the cells would he 
measured individually using an external frequency standard. However, 
one common cell could be utilized as a reference to check against 
variables in the system, such as drift in the external frequency 
standard. As shown in Fig. 3-l, this system requires less =quipe 
ment than the previous two, 

In evaluating the proposed systems, it is noted that all 
three have the advantage that the environments of the subject ceil 
and the reference cell are identical with respect to both magnetic 
field and temperature. 

In cases (1) and (II), the frequency separation could be 
read off of the dial of the audio oscillator readily and with 
reasonable accuracy. 

The third case requires that all cells be measured individ)- 
ally. However, the measurement device need be calibrated for only one 
of the measurements, as the reference cell could be utilized to check 


against drift in the external standard. 
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The first prerequisite of the measurement pro .eou 
assembly of an optically pumped K?? gas cell frequency standa.d lew 
ing sufficient stability, signal-to=noise ratio and narrow iin. ad 
to permit an accurate determination of the rane frequent1e> in 
accordance with the prescribed technique. 

In such a frequency standard, the radio frequency signal 
source should: 

(1) exhibit extremely good short=term stability, 22%, &@ 
the order of a few parts in 10°, 

(2) deliver approximately five milliwatts of ragdin fre. 
quency power at the transition frequency. 

(3) be tunable over a narrow band about the hyperfine 
frequency. 

(4) be capable of a swept frequency output. 

(5) provide for amplitude modulation, 

A crystal-controiled oscillator can be obtainea through 
careful engineering which will satisfy these requirements, 

In order to attain a narrow line for enhanced accuracy of 
frequency measurement, the radio frequency power level must be req 
stricted to a minimum As mentioned previously, the effect ef ex- 
cessive power input to the resonant cavity is to broaden the line, 
However, the signal amplitude is directly proportional te the radi 
frequency power. Therefore, the problem of accurate frequency measure.- 
ment resolves into that of maximizing the signal-to-noise ratis abtained 
from a weak radio frequency signal. The synchronous ampiifser me=ts 


this requirement in addition to determining the line center aciuretei*. 


nN 
i~4 
9 





The synchronous amplifier is a *é@rrellation devi te wh 
works on a phase detection principle utilizing the sweep tre- 
quency as the reference signal, A swept radio frequency sigmés 4 
used because it enhances the ampiitude of the detected signal aryl 
provides an alternating signal output which is less sensitive te 
noise and drift in the detection circuitry, A phase coherenie 
exists between the sweep frequency and the detected light signar 
which permits a synchronous amplifier to determine the exact Line 
center, 

The lamp utilized should provide light of reasonably ttrung 
intensity with a minimum of noise and sweep frequency component, 
Where a 60 cps sweep frequency is utilized, any 60 cps compencn~ in 
the Light tends to produce an erroneous result for the transition 
center frequency because the 60 cps sweep voltage is used as a reter- 
ence signal for the synchronous amplifier, 

The cavity should be resonant at the transition frequency of 
462 megacycles with a Q of several hundred, The magnetic fieid ures 
within the volume occupied by the gas cell shculd be parallel io pre] 
vent any disorientation of the excited atoms due to magnetic field 
inhomogeniety or Doppler effect. At 62 megacycles, a reentrant ryp< 
resonant cavity is preferable to a right=circularecylindrical cavity 


operating in the TE9 +1 mode because of the smaller size, 





3-c, Pressure Shift Measurement. 

The proposed procedure using two detection channels was ree 
jected because of the extra equipment required to establish two 
identical detection clannels. In particular, the second synchroncu: 
amplifier and a prism required to separate the two light beams were 
not readily available, 

The proposed measurement technique utilizing sideband 
calibration was tested, However, the results when evaluated revealed 
that considerable discrepancies in the frequency separation measure- 
ments existed. The error in this procedure is believed to be due to 
the interaction of closely spaced signals in synchronous amplifier 
which have the effect of shifting the zero point or line center of 
the amplifier output, 

The third method was the procedure utilized whereby the fre- 
quency of each cell was counted individually using the frequency of 
a reference cell to detect counter drift. 

The reference cell chosen contained argon at a pressure of 
1.75 mm of Hg as a buffer gas. Theoretically, argon should give a 


very small pressure shift, At a pressure of only 1.75 mm of Hg. the 


OD) 


pressure shift would be negligible and the effects of temperature 


upon the transition frequency could also be negiected, 
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vharacteristics of the Uptically Pumped as Cell 
Frequency otandard Used, 


The block diagram of lig, 3-5 represents the frequency ¢tand- 
ard which was constructed for use in the pressure snift measuremnts. 
The major components of the system are described below, 

(a) Radio frequency signal generator. 

In order to provide a radio frequency signal scurce wi th 
adequate stability, a crystel-controlled oscillator was constructec, 
The signal generator circuit is shown scheme tically in rig. 3-6. 

The complete circuit consists of four stages. The first stage 
is a crystal oscillator circuit utilizing an overtone crystal with a 
frequency of 315.433 megacycles per second, ‘The following two stages 
are doubler circuits which multiply the frequency to 23U.866 and udl, /32 
megacycles per second respectively, A push-pull] power amplifier stage 
with a power output of 5.0 milliwatts made up the final stage. 

By varying the piate supply voltage of the crystal ost :liateor 
stage from 3 to 72 volts, the output frequency of the signal generator 
was pulled from 161,718,0h0 cps to 461,737,720 cps. Frequency Wntrei 
was maintained by use of a potentiometer in series with tne powex supply. 
A 90 volt dry cell battery as a power supply for this stage made possie 
bie a short=term stability of about four parts in 10° after wart up, 

A Pilamen* transforrer in series with the pewer supply super 
imposed a 60 cps sweep voltage upon the plate supply w2itage. Lerause 
the magnitude of the sweep voltags has a significant effect upon the 
line width of the transition signal, the sweep voltage was adjusted 


with a Variac on the primary side of the transformer, 
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The construction of the signal generater pruvidin for tte 
monitoring of the 115 megacycles per second output cf thre ery tal 
oscillator stage prior to doubling. This technique permitted the 
use of a Hewlett-Packard 52hC frequency counter in conjunction with 
a Hewlett-Packard 525B frequency converter as the external frejuen:y 
stendard, 

(b) Resonant cavity. 

The resonant cavity used in the experiment was cf the reentrant ! 
type tunable from 29h, to h90 mgacycles. 

The reentrant cavity was in the form of a righte-circulare=cysinder 
with a tuning stub projected along the axis of the cylinner, Hetonance 
occurs when the susceptance of the capacitance formed between the erd of 
the tuning stub and the end plate is equal but opposite in sign to the 
Susceptance of the effective inductance formed by the tuning stub, the 
end plates and the walls of the cavity. The design cf the cavity is 
discussed in Appendix II, 

For use in the optically pumped system, the cavity a2 saindwe 
to allow the passage of the light beam along a direction which was pre. 
dominantly parallel to the radio frequency magnetic fieid witmn the 
region of the absorption celi, The magnetic field vas tirewulary about 
the axis of the cylindrical cavity. Therefore, a small rerrcerndicuLay 
component is parallel to the light beam, The proper alignment of the 
cavity and optical system required that the radic frequen:y magnetic 
field and the pumping beam both lie parallel to the ambient magnetic 


field or ae field, 





The vavity wal designed with a mount for imsertion 
absorption celis side by side as shown in Fig, 3-1. 
A probe was inserted inte the certer cf one wais 


Pay 


for coupling radio frequency energy inte the cavity. Jiar 
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opposite on the other side, a coupiing loop was installed tu alinw 


sampling cf the energy by a radio frequency power moniter. 


The operating temperature for tne notassium vapor CeiL 


. 


ti 


foe BLOC, Two 1CO=watt Electrothermal heating tapes wrapoed arcur 


the cylinder walls above and below the windows provided the 


we 
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heating. The temperature, measured by an immersion type therne me ver. 


was controlled by means of a Variac. 


(c) Lamp. 


a 


The potassium lamp used was an electrudeless tyne ex 


the inductive field of a 100 megacycie oscillatcr, The larm@ 


of ordinary pyrex internally coated with potessi ust 


filled with naturai potassium and krypton buffer gal ut « pressure 
2.2 mu of He, Potassium 39 occurs aS $3.2% of natural pee! 


buffer gas kept the lamp ir.tensity from becoming temperature 


To obtain a constant, ripple-free source of pumping Liza, 


the 100 megacycle oscillator was driven by a weliereguizted 
current source, which provided 22-25 milliamperes of direct 
The filarent power to the oscillator tubes was furnish-d by 


battery to eliminate any 60 cps component in the light, 


The lamp furnished a high light output with low neis 


lamp body was engineered to provide a constant source of heat 


variations, the entire lamp and oscillatcr assembly was 1is'rted 
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lamp. To prevent variations in light intensity due ty tener 
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glass container. 

A warm-up period of approximately thirty minutes was 
necessary to allow the lamp ana lamp body to achieve temperature 
stability and a stable operating condition, 

(d) Synchronous amplifier, 

The synchronous amplifier functions on a wv. vellation princi- 
ple integrating over the output of the photccell to obtain maximum 
signal, Using the sweep voltage to the radio frequency signal gener- 
ator as a reference, the synchronous amplifier also determines when 
the signal generator frequency coincides with the transition fre= 
qiency of the absorption cell by means of phase informaticn carried 
in the detected light signal, 

The schematic for the circuit of the synchronous amplifier is 
shown in Fig. 3-7. Every half cycle, the reference signal switches a 
chopper to reverse the polarity of the input signal to the integrating 
circuit. Hence, the input signal is added over one halfecycle and 
subtracted over the other, 

When the center frequency of the signal generator is slowly 
varied through the transition in one direction, the synchrenous de-= 
tector output appears as shown in Fig. 3+8, The output signal ine 
creases as the transition frequency is @mproached, goes to zero at 
the time of coincidence, and increases in opposite polarity as the 
transition frequency is passed. The slope of the signal is seen to 
be very steep at the point of the transition which furnishes a 


sensitive accurate indication of the transition center frequency. 
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(e) Fhotocell and amplifiers. 
In lieu of the standard vacuum tube photeoce:l, a hoffmah 
type 2A silicon solar ceil was utilized as the light sensitive Giemert 
The spectral response of the solar cell extends from 4C0CG s Ba 28 HOC 


A with the peak near 8000 A. This response is ideaily suites +: 

© © 
potassium resonance radiation, the two D lines being 760, .« ang ’% 
Although somewhat less sensitive than the standard photeceli in 
solar cell has two decisive advantages in being more compact aid is 
requiring an external power supply. 

The solar cell was mounted directly on a transister ;rcangli- 
fier, The preamplifier circuit consisted of two amplifier stagzZ ce 
followed by an emitter follower stage, The overall gain cf the preampe- 
lifier was 1000-100, depending upon the condition of the battery. 

The preamplifier was followed in the circuit by 4 rFurr==rvy. 


Model 110 Variable Gain AC Amplifier, a highly stable transistoriz:d 


two stage feedback amplifier preceded by a set of impeGance convertor 
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Circuits, ihe gain of this amplifier was adjusted so that the :» 


gain through both the preamplifier and the amplifier was in the ord 


2 
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mi 


of 50,000, 

The efficiency of the optical system was enhanced ty th- 
utilization of a condensing lens following the gas ceil to fons the 
light beam upon the solar cell. The placement of the lens fo1iowing 
the gas cell increases the light signal without contributing tu iine 


broadening. 
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(f) Gas cells, 

ane gas cells utilized in the project were made of iabcre- 
tory quality Corning 7740 pyrex in the form of cylinders two inches 
in diameter and three inches in height. 

The mount in the reentrant cavity held two of the celis side 
by side in a position such that the axis of the cylindrical celi wes 
parallel to the light beam. 

The distribution of buffer gas pressures necessary for the 
study was obtained by filling individual cells to the pressures de- 
Sired, The absorption cells were filled by the following pricess. 
First, the cell was placed on a vacuum system which achieved 2 
vacuum of approximately 10~ mm of He, A small amount of satural 
potsssium was then forced into the cell. A spectral grade inert 
buffer gas was inserted into the system and the cell was sealed off 
after achieving the desired buffer gas pressure. 

Thirteen absorption cells containing buffer gases a* the 
filling pressures listed below were utilized in the meas.rements. 


Buffer Gas Pressure (in nm of Hg} 
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Buffer Gas Pressure (in mm of Hg i Gont 


Ne 10 
elea3 


85 


Ar Lede 


10 


30 
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3-4. Filling Pressure Accuracy. 
The accuracy of the filling pressure of the buffer pas 
was limited by the filling techniques am the equipment ayai.la6.4 
for making the cells. For this reason, a probable error or muiter 
gas pressure of + 0.5 mm of Hg is assumed for all cells wits 
exception of those discussed below, 
In the case of the two cells containing molecular hydroyg.: 
as the buffer gas, the filling technique was particulariyv difficvt, 
The pressure of the hydrogen was achieved and maintained by ‘*za7= 
ing a hydrogen compound which made the pressure difficult te reeu- 
late. Therefore, the exact pressure at the instant of seating of f 
the cell is subject to some uncertainty. In addition, the hydrogen 
when heated will react with the potassium to form potassium cydride, 


resulting in a lower buffer gas pressure, Since the tip ef the cali 
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mist be heated in sealing off, this reaction probably 2¢curs «ce 


unknown extent, Due to this pressure accuracy limtaticn, a wrebeble 
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error in the buffer gas pressure of + 1.5 mn of Hg was assumed of 
only two H cells were utilized in the measurements. 

The cell containing potassium with a buffer gas of helium 
at 2 mm of Hg pressure was used in other experiments in which an 
electrical arc was developed in the cell on several occasions, Au 
uncertainty exists as to the gas pressure resulting frem this iréate 
ment and this cell was assigned a probable error of + 1.5 mm of Hg. 
3=5, Frequency Counter Accuracy. 

A Hewlett-Packard 52hC frequency counter in conjunction with a 
Hewlett-Packard 525B frequency converter were used to measure the 
transition frequencies, 

The construction of the radio frequency signal source pérmitted 
the measurement of the frequency output of the crystal oscillater 


fre~= 


stage prior to miltiplication. At that frequency level, th 
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quency falls within the range of the above instruments. 
measured frequency was multiplied by a factor of four to obtain 
the output frequency of the signal generator, 

Because the output level of the crystal oscillator stage was 
Marginal in respect to the minimum trigger voltage of the ccunter, 
a Hewlett-Packard ),60A wideband amplifier was used to amplify the 
input signal to insure against spurious counts, 

The counter was placed in the circuit and left in continuous 
operation for a minimum of three hours prior to conducting any 
measurements, 

Immediately following the measurements, the counter utiiized 


was checked against two rubidium optically pumped gas cell free 


Ch 


quency standards, The two rubidium clecks have been calibrated 
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against the cesium beam standard at Fort Monmouth, As a revul* Vf 
these checks, the frequency readings of the counter were d«te rms 
to be 10 cycles per second low in the 462 megacycles per second 
region, The data was corrected by adding 10 cycles per second to 
cancel the counter error. 

326, Measurement corrections. 

In addition to the correction for the frequency counter 
accuracy of \+) 10 cps discussed in the previous section; io free 
quencies measured should be corrected to remove the effect of the 
ambient magnetic field. 

The magnitude of the magnetic field was measured to be 
0.51 gauss by means of a technique discussed in Appendix III. 
Substituting this value for H in the Breit-Rabi formula, 4 frequency 
correction of 2205 + 3 cps is obtained, To obtain thc zero field 
hyperfine frequency, the correction must be subtracted frem tne 
measured value. 

The pressure of the buffer gas is dependent upon the tenip - 
erature of the gas cell at the time of measurement. The tempera- 
ture effects are discussed in detail in Section 5. The buffer gas 
pressures were corrected to reflect the change in temperatur: from 
the time of filling to the instant of measurement, which amounted 
to a pressure increase of 10.hé. 

Because of variations in successive readings on any one ed i 

an experimental error of + 20 cps was assumed for the measurement 


technique o 
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3=7, Pressure vhift Measurements. 
The meSults cf the measurements of the frequeney Ehuft- sue 
to buffer gas pressure, after ccrrection fcr the factor of s8iinter 
accuracy, magnetic field strength and temperature, are Plu ites 


n Fig. 3=9. 


cy, 


Since the relationship between the frequency snift an 
er gas pressure is a linear one, the slopes of tre plows expres Fie 


pressure shift. In this form, the results are presernteu in 


Table 3-l, 
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3-8. Zero Field Hyperfine Frequency ror Ke? , 


From Fig. 3=9, it is noted that all,pressure shifts are Ls.near 


and extraoolate to the same frequency at zero pressure, This fact 


lends considerable support to the accuracy of the results as the fre- 
quencies at zero pressure for all buffer gases should be the same re 
gardless of tle frequency=pressure relationship. 

After correction to zero magnetic field strength and for counte:z 
error, the zero field hyperfine frequency for «>? was obtained from 


the point of zero pressure as: 
fo (K37) = 61,719,685 = 35 cps 


This value should be compared with the previous valus for the 
hyperfine frequency of 61,723 + 10 ee, From the resuits of this 
work, it aopears that measurements using the optical pumping te-niique 
are much more accurate and more precise than those obtained by previous 
methods, 

3~9. Comments Upon Observed Signal Strengths, 

The signal from the cell which contained tne kryptonr as a wufter 
gas was weaker by an order of magnitude than the signals from the cells 
containing other buffer gases, 

\ possible explanation for the poor signal is that the kryp on 
atom is a relatively large and therefore is easily deformed in a 
collision with a potassium atom, The deformation results in an inter= 
action with the alxali vapor atom which tends to reduce the oscillating 
dipole moment of the atom, The overall effect is to cause réiaxatiron at 
a rate so great that the effectiveness of the pumping is reduced toa 


relatively small value. The required popuiation difference hstweenr thea 
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mp = QO states cannot be maintained because the atoms relur vacKk ti 
2 
Lower states almost as rapidly as they are excited, 

Because krypton buffer as cells invariably give relativeiy 
weak signals, 1ts use in optically pumped gas cell systems 1s 
impractical, For this reason, only one krypton cell was measured, 
The purpose of this measurement was solely to demonstrate the large 
negative pressure shift characteristic, 

The cell containing argon at a pressure of 30 mm of Hg alec 
gave a very weak signal. The physical process which produces this 
effect is similar to that in krypton in that it is the result of an 
interaction between the alkali metal atom and the buffer gas atom 
during a coilision, However, a distinction between the effects of 
the two gases lies in the more pronounced effect due to the larger 
krypton atom, The weak signal from the high pressure argon bufter 
resulted from the accumulation of lesser interactions over a grea? 
er number of collisions cue to the greater pressure, This is torns 
out by the fact that the signals from a cell containing argor a! 
cnly 10 mm of Hg were very strcng. 

3-10, Utilization of Combinations of Buffer Gases, 

A buffer gas with a pressure shift of zero is very desi: able 
for use in a gas cell frequency standard because the frequency ~ariat- 
ion that is indirectly due to changes of cell temperature 15 ¢liminated, 
Although argon is very good in this respect, none of the gases 


measured fulfill the requirement of zero pressure shift. However, both 


+74 


ositive and negative shifts were observed which raises the possikiliiy 


that combinations of buffer gases in proper proportions would vite an 
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Overall zero pressure shift charageteristic. 


This technique has been utilized previously wiv othe 


1/ fe . 
alkali metal vapors with considerable success,t-/ £4 ewe! 


one case is recorded of a mixture of 75% Ar ~ 25% Ne in a “s~’- 


which gave no pressure shift for a cell temperature of 23°C, Hew 


at higher temperatures, the shift was linear and negative, ae a 
lower temperatures, the shift was linear and positi ve.- ~ 
Measurements utilizing mixtures of buffer gases in a K-’ 


cell were not conducted because of the difficulty of meking up 


such cells and the time available, 





mh, Wall~ea teaeCel is, 
lel, Utilization of Wall-coat-a Cells. 

Relaxation times are shortened most seriousiy by ¢olisS.one 
of an alkali metel etom with the wall cf the cell, this bepgs Gi- 
major cause of disorientation. This relaxation effect can he 
inhibited by coating the walls of the call with an inerl materia 
which will not interact with the excited alkali metal atom, 

The wall»coated cell does not reduce the number of ro.l: 
Detween one alkali metal atom and ancther., Theorcticaily, wwe is pit 
est lines should be attained vy utilizing a wall-coated ceil wilaa 
low pressure of buffer gas as this comtinatuay of techni gus’ gyerd 
suppress both of the serious coilision effects, 

Utilizabion of wall=coating has been crevicusly 
Experiments using eicosene, S20) os & Sstralght=chain satula 
paraffin, as a wall coating have demonstrated that at lease : 
wall collisions occur before appreciable discrientation of 
takes place,f13/ oome effects which indicated a pussibi: 


reaction between the rubidium and the e1coSane at higher <:o1pspa “ure 


r 


resulting in appreciably shortened reiaxaticn times were 5 
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Tests utilizing a cell lined with tetraccntand, a 2° > Fl 


chain hydrocarbon of chemical compos tion “),-Ha2, were les er 
Decause of the experimentai set-up. aA reservoir of rul wiiun tf Lm a 


was exposed to collisions with the vapor, Therefore, the «ff 0 


of the wall coating ceuld only be extrapolated, However, the 


rz 


tion time was increased by a factor of le, This ¢xperivent ai1 


utilized a wallecouloa cell an conjunctacn with neon butte: ef 
a ae ne prensa ogee 
obtain some extremmly narrow line wid*as. 
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The manufacture of a wall-coated cell is a very difficult 
vrocess, The paraffin is heated and forced into the cell as a “apur. 
An even coating is obtained by cooling the cell walls to achieve con: 
densation over the entire surface. Repeated heatings and ccocoiings 
may be required to obtain a complete even covering. The pctassium 
is then introduced, The correct technique requires that the pcvtass- 
ium be deposited into the cell in a single globule. If the potassium 
is heated too mich in the filling process, it will vaporize and sprey 
into the cell condensing out in a layer covering the entire wall 
opposite the input tube. When this occurs, the potassium covering 
on the paraffin completely cancels its effectiveness, and the ré 
ation effect is increased to the point where no Signal can t= produced, 

l-2, Results of Measurements Using Wall-coated Cells. 

Measurements were made using two cells coated with detriacent- 
ane , C29He6- One, a 2 x 3 inch cylinder, was newly prepared and the 
other, a one liter flask, was prepared for another experiment one year 
ago. Neither cell evidenced a sipnificant pressure shift from the «x- 
trapolated zero pressure frequency nor did they show any temperature 
shift. A line width as narrow as 300 cps was observed with a signai- 
to-noise ratio, indicating that the linewidth in the absence of tne 
broadening effects of excessive radio frequency power and pumping 
ight intensity is probably considerabiy narrower, 

The wall-coating when heated to 70°C proauces a vapor pressure 


of the order of 107° mm of Hg. The straight-chain hydrocarbons have 
=] 


a tendency to produce a relatively strong negative frequency shift.- 
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However, due to the low vapor pressure, the measured frequenny shift 

was negligible. The effect was so small that it could not be detected 
over the range of operating temperatures of the equipment, The transite 
ion frequencies of both of the wall=coated cells fell within experi- 
mental accuracy of the zero pressure hyperfine frequency of 61,717,685 
ego CDS. 

The Cao Hee, wall coating used has a melting point of 64°C, which 
prohibits its use in sodium cells which operate at temperatures of 120°C 
This effect in the case of potassium cells caused the paraffin tc melt 
and form a pool in the lower portion of the cell. Although not ob- 
served, the liquid paraffin could possibly obstruct the light bean 


through the cell, 
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5. Temperature Effects. 
5-1. Cell Operating Temperature. 

The optimum cell temperature is determined by two factors 

(1) The temperature mst be high enough to maintain a 
satisfactory vapor pressure of the alkali metal for utilization in 
the atomic transition process, 

(2) The temperature of the cell imparts a kinetic energy 
to the alkali metal atoms. Excessive temperature results in ine 
creased velocities of the atoms with more disorientation-eproducing 
collisions, Therefore, too high a temperature will result in un-= 
acceptable relaxation effects, 

The optimum temperature, giving the greatest signaleto= 
noise ratio, was measured to be 70°C, This corresponds to a 
potassium vapor pressure of 1.6 x 10~© mm of Hg. fs] The operat- 
ing range of temperatures extend approximately 15°C on either side 
of the optimum temperatures i.e., 70° + 15°C, 

5-2, Effects of Temperature Variations. 
A variation of the cell temperature will produce a variation 


of the gas pressure within the cell in accordance with the relationship: 


PV =i 
3 
where P = gas pressure in newton/meter- 
: 3 
Vo = volume of cell in meter- 
R, = gas constant 


i} 


8,317 x 10° joule/kg-mole °k 


T = absolute temperature in °K 


0. 





{ 


Temperature and pressure are not the only variavl LT 
above relationship. Allowance must be made for the thermal expansion 
of the cell dimensions which results in a variation in volune. 
The cells used in the measurements were rade of higi) qQuas.ty 
Corning 7740 pyrex which has a linear thermal expansion coefficient of 
oe x on! parts per 26, £16/ The cells were in the form of right circular 
cylinders with outer diameters of two inches and heights of three imhs, 
The change in volume of the gas cell over the operating temper= 


ature renge was found as: 


Vo= oe hy (1 + .0000032 AT)? 
= Vo (1+ .0000032 47)? 
where V = volume of the cell 
r = radius 
h = height 
AT = temperature change in oe 


Tne range of temperatures over which a satisfactory signal 
was obtained extended from 60°" tow on the upper iimit being th 
maximim temperature achievable with the experimental set-up. Thus, 
for a temperature change from one extreme to the other (AT = 2590) 


We 


(1,000080¢)° 


1.00024,0019200512 


th 


Therefore, the change in volume due to the extreme temperature verla= 


tion is not very significant, only 2) parts in 10°, and is considered 


negligible. 


tales 





Thus, the relationship becones one where the buffer gas 


pressure is directly proportional to the absolute temperature: 


Utilizing the above relationship, it is found that the temperature 
change of ooo in the operating range represents a pressure change of 
8.1% of the filling pressure. Due to the linearity of the above req 
lationship, the temperature shift is best expressed for each buffer 
gas in the units of cycles per second per mm of Hg pressure = degree 
Centigrade. The predicted values of temperature shift were come 
puted from the values of pressure shift listed in Table 3-1 and 


are listed in Table 5-l, 


Table 5-1 


Predicted Temperature Shifts 


Buffer Gas Shift (cps/mm of Hg-°C) 


He Oeil 
Ho Or 12 
Ne 0.08 
Ax 0 

Kr ~0,15 


Measurements of frequency versus temperature variations were 
conducted on cells containing helium at 9 mm of Hg and reon at 35 mm 
of Hg to verify the predictions of Table 5-1. The results obtained 


are listed in Table 5-2, 


Wo, 





Table 5? ° 


Measured Temperature shifts 


Buffer Gas Shift (cps/mm of He-°C) 


He OC; 166.20 


Ne 0.07 + 0,05 


The accuracy of the temperature measurements was lanite&, 
The thermometer utilized had a very slow response, In addition, the 
cell mount, which was made of polyfoam, caused ccnsiderasiv “) ma’. 
lag in the cell, It was necessary to witndraw the ther morr ter toon 
the cavity in order to obtain a signal because the thermometer uffuyg ted 
the cavity tuning. Therefore, the temperature measurements wer? ver, 
tire-consuming which made possible errors due to temperatur: driz*, 
For these reasons, a relatively large probable error was assigme? in 


Table 5-2, When the probable errors were considered, th: meatur 


i~ty 


verperature shifts proved sufficiently close te the predz-tax 
to support the theory leading to the predicted values, 


e ‘ 

~_ a a 
= 

Nm ° : 


iF co a 


fe - 


The pressure shift neasurevents were made at a cel 
ature of 67°C, In order to get the correct buffer gas pressurd «7 
the time of measurement, it was necessary to compute the presia._ - - 
crease from the measured filling pressure, The temperature of + = 
cell at the time that the pressure was measured at filling wa 
approxirately 35°C. The above change in temperature is equivaie™. 


to a pressure increase of 10.l per cent, 


HBe 





Ge Conclusion. 
6-1. Summary of Results. 
(1) The frequency shifts due to the pressures of varicus but fei 


od 


gases were measured and recorded. The results of these meaSurérent : 
are plotted in Fig. 3-9 and recorded in tabular form in Table J-1 on 
page 33. 

(2) The effects of temperature variations upon the transition free 
quency were demonstrated to te vroportional to the change in temperature, 
the pressure shift characteristic of the buffer gas and the buffer gas 
pressure. 

(3) Wall-coated cells were shown to be free of temperature ettect: 
upon the transition frequency. The signal-to-noise ratic fic. 
coated cell was relatively strong and the line width attained. 
moderately narrow. 


a7 


(4) The hyperfine frequency of K°” was measured to be Ubi. jis ‘85 
+ 35 cps. The accuracy obtained from the cptical pumping techniqui 
amounts to an increase of three more Significant figures ir the hyper tine 
frequency than was known previously. 

6-2. Evaluation of Results. 

For applications in frequency standards, the gressure Suiit is 
generally objectionable. Although the pressure shift afforcs sore smail 
amount of flexibility in the selection of a transition frequency. 1% 
makes the system temoerature sensitive which Lowers the sys Lem 


stability. For this reason, the results of the measuremert: made on 


the wall-coated cells are very promising. 


Lilie 





The results of the pressure shift measurements using varior 
buffer gases show pressure shifts can be predicted to a reasonable 
accuracy by knowledge of the hyperfine frequency under study and the 
pressure shifts for other hyperfine frequencies. 

Of the buffer gases, argon stands out as having an extremely 
small pressure shift. With the exception of systems where the long- 
term stability requirement is greater than one part in 109, the use 
of argon at low pressure should prove quite satisfactory. 

The technique applied to measure the transition frequency by 
counting a sub=multiple demonstrates flexibility of the optically 
pumped frequency standard. By proper selection of the alkali metal 
vapor and the sub-multiple, it is possible to develop a system for 
any number of frequencies, using a crystal oscillator and selected 
multiplier stages. The hyperfine frequencies for a few of the alkali 


metals are listed in the following table; 


Table 16-0 


Hyperfine Frequency 


Alkali metal Hyperfine frequency 
xi 254.018 mcs 
Ke? 461.720 ” 

H 120.406» 
Nae? 1771.626 
poe? 683.683 ” 
ae 9192.632 " 





6-3. Fossible Aosblications. 

The major limitation of the optically pumped gas cell fre 
quency standard system utilized in this project, as far as applicatiors 
in electronic systems requiring stable frequency sources are concerned, 
is that the oscillator output frequency is frequency modulated. Ths 
center frequency of the output can be made very stable but applications 
for swept frequency outputs are very few. The swept frequency has 
served to provide the phase information necessary for servo control cf 
the standard and to raise the signal-to-noise ratio. 

A system utilizing two absorption cells with slightly differen’ 
transition frequencies, each with a monitoring solar cell, will previde an 
output characterisitic identical in form to that of the synchronous arpii- 
fier when the solar cells are connected in series. The direwt current 
output level of each solar cell will be dependent upon the signai gen=r2tor 
frequency. The separation in transition frequencies of the two absorption 
cells can be attained-through buffer gas pressure shifts. Temperature 
shifts can be cancelled out by selection of one buffer gas with a negative 
pressure shift characteristic and the other with a positive characteristic. 
Coupling the outpuis cf the solar cells to a differential amclifier wou'd 
cancel out all first order effects due to lamp noise. Since the phase« 
information would be present in the outout characteristic, the frequency 
sweep would no longer be required. 

& direct coupled amplifier channel in the above system 15 provi. 
feasible although considerable engineering would be required. Any noise 
or change in system characteristics would be interpreted as a signai., The 


magnitude of the problem is foretold by the amount of gain required in tne 





anpiilfierss i.¢., approximately $0),003: Hoviever, by modnda tsi 
light beam at about 20 kes und Ssuperimposlag this signal op»: 

current signal as a monitor of the amplifier noise and charactéPigts 
a large amount of the noise could be cancelled using differentiat 
amplifier techniques. 

The direct-coupled system is not the only aporcacn ti 
eliminate the need for the swept frequency. An a-c coudled cUAlie. 
would be possible by utilizing an interrupted signal at an atm. ia 
A large magnetic field inhomogeniety in the cell would cancer cur 4a 
Signal. Therefore, one method of obtaining an interrupted sifme!l 
be to feed a coil near the cell with a half-wave rectified signer. 

6-4. Recommendations for tuture Research. 

In addition to considerations given the possible 
discussed in the previous section, future studies of the wife.’ 
buifer gases upon the hyperfine frequency of an alkali rec * 4 
note carefully the results obtained from mixtures of two or wu 
buffer gases. 

filso, a study of the improvement in signal obtaineu vy Th 


addition of a buffer gas to a wall-coated cell should prove arterestire 
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APPENDIX I 
BREIT-RABI FORMULA 
The frequency devendence of the hyperfine transitions upon che 
magnetic field strength is given by the Breit-Rabi formula: 


£(¥,m) = £/8 - ( Ot/27) Hm + (£/2)]1 + m + x2 


where f = hyperfine frequency = 61.7 mes for K3? 


—- 


198.7 cps/gauss 


ye hee 


x = 
W 
= 00606 H 
H = ambient ragne!>c field in gauss 
F = Hyperfine quantum number 
m = Zeeman quantum number 


The sign of the last term is positive for F = 2 and negative for F 
Substituting F = 1, m= 0, and F = 2, m = 0, into the formula and 
subtracting, one obtains the formula that relates the depender:ce of the 
fieic independent transition upon the strength of the magnetic field. 
Utilizing the binominal series and disregarding all terms with ex-~ 
ponents of four or greater as being insignificant, the formuia becomes 
ieee | 2 + = (,00606 1)? | 


In the case of K37 , f = 461.7 mcs and the relation reduces to: 


=, 


fl =f + 8177 He 
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REENTRAN L Gavait DESIGN 

A reentrant cavity is in the form of a right circular cylinaer 
with a tuning stub projected along the axis of the cylinder. A crasse 
section of the cavity is shown in Fig, II-l. 

In the figure, if the dimension 6 is sufficiently small te in 
duce an appreciable capacitance at the end of the tuning stub, tne re- 
entrant cavity may be considered as a short length of ccaxial line that 
is resonated by a large lumped capacitance at the end of the centac 
conductor. This capacitance can be calculated from the gap spacing 
and area as: 

C= 0.225 we/s pf 
' 
where the dimensions eC and § are given in inches, 
Utilizing the formulas for the inductance per unit length of coaxial 
line and the capacitence per unit length between conductors, the 
formula for the resonant wavelength in terms of the cavity Gimension: 


3 


is found to be: 


A, see ($2 in &) 


A, 


The above form la neglects the additional capacity due to fringe= 
ing effects at the end of the tuning stub and must be multiplied Ly a 
factor of the order of 1.25 to 1.75 in order to obtain the true 


wavelength, 


3, Moreno, Microwave Transmission Design Data, Dover Publications 
Inc., 1948. pp. 227-229. 


a ; 


} 0. 





The dimensions of the cavity used in the pressure shift 


measurements were: 


Z = 73" 
C, = 3/h" 
@ = 6 15/16" 


S variable from 0 to 3" 
These dimensions produced a resonant range from 29), to 90 mcs. 
The materials used in the construction of the cavity were: 


(1) 20 guage sheet copper for the wall 


(2) copper laminate sheets backed by 3/h" plywood for the ends. 


Del 








Figu 
re il 
-1 
. (Cros 
Ss 
Section of R 
eentra 
Iai wee a 
vity 


52, 





ArrtunblX Il 


FREQUENCY CORRECTION FOR AMBIENT MAGNETIC FIELD STRENGTH 

The strength of the ambient magnetic field was determined by 
utilization of the gas cell magnetometer principle. The frequency of 
the transition between Zeeman sublevels is directly proportional to the 
strength of the ambient magnetic field and is given below: 


(T) a 700 H_ kes 


2 


where f, Zeeman transition frequency in kcs 


H 


magnetic field strength in gauss 
The transition frequency was determined by superimposing a radio fre- 
quency field whose frequency was varied ebout 350 kcs until a signal 
was obtained by the optical pumping technique. By this technique, the 
transition frequency was measured to be 357.1 kcs with a line width of 
approximately 3 kcs, 

From formula (I): 
H = 0.51 gauss 


Substituting this value of H into the Breit-Rabi formla: 


8h77 He 


5 
ii 


i 


2205. + 3aees 
To obtain the zero field hyperfine frequency, the above 


correction was subtracted from measured values of hyperfine frequencies, 
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Figure 5-2. Proposed Measurement Technique Using Two 
Detection Channels 
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Figure 5-4. 
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Proposed Measurement Technique Using Direct 
Measurement 
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Figure 3-8, Output Signal of Synchronous Amplifier 
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